This paper presents a discussion of the pressure-transient responses of horizontal wells in anticlinal structures and curved and undulating wells in slab reservoirs. It confirms that, in the absence of a gas cap, conventional horizontal-well models may be used to approximate the flow characteristics of the systems in which the trajectory of the well does not conform to the curvature of the producing structure. If a gas cap is present, however, the unconformity of the well trajectory and producing layer manifests itself, especially on derivative characteristics when the gas saturation increases around the well. In general, the most significant deviations from the conventional horizontal-well behavior are observed during the buildup periods following long drawdowns. In these cases, the pressure-transient analysis is complicated and requires detailed numerical modeling of the well trajectory and reservoir geometry in the vertical plane.
Introduction
Conventional horizontal-well pressure-transient models assume that the top and bottom boundaries of the reservoir are horizontal planes; that is, the producing stratum is a slab, and the well is straight and parallel to the slab boundaries. Wells, however, may be drilled horizontally in anticlines and domes, or they may be curved or undulating in a horizontal slab reservoir.
In the literature, several reservoir shapes have been considered in the context of horizontal wells: infinite slab (Clonts and Ramey 1986; Ozkan et al. 1989; Goode and Thambynayagam 1987; Rosa and Carvalho 1989; Kuchuk et al. 1990 Kuchuk et al. , 1991 Ozkan and Raghavan 1990a) , cylinder (Ozkan and Raghavan 1991a, 1991b) , rectangular parallelepiped (Ozkan and Raghavan 1991a, 1991b; Daviau et al. 1988; Odeh and Babu 1990) , and vertical no-flow boundary at an arbitrary orientation (Azar-Nejad et al. 1996a ). The common feature of these reservoir models is the assumption that the top and bottom boundaries are horizontal planes. Despite the fact that the conditions at the top and bottom boundaries strongly influence the pressure-transient characteristics of horizontal wells (Clonts and Ramey 1986; Ozkan et al. 1989; Goode and Thambynayagam 1987; Ozkan 2001) , the effect of the curvature of these boundaries, as in the case of anticlines and domes, has not been discussed in the literature.
Similar to the curvature of the top and bottom boundaries, the curvature or undulations of horizontally oriented wells (referred to as horizontal wells in this paper) have not attracted much attention in the pressure-transient-analysis literature. Two studies have addressed this issue specifically. Azar-Nejad et al. (1996b) considered a curved well that was a quarter of a circle (from vertical to horizontal) in a slab reservoir. They showed that especially in anisotropic reservoirs, the pressure-transient response of the curved well could not be approximated by that of a straight horizontal well of equal drilled length. This study did not address the issue of effective well length and the effect of the aspect ratio (the ratio of the distance from the well to the closest boundary and thickness of the formation). Goktas and Ertekin (2003) discussed another common problem for horizontal wells-undulations. Their study indicated that when the vertical window of undulations becomes comparable to the formation thickness, undulations might influence the characteristics of pressure-transient responses. For practical windows of undulations that commonly result from standard drilling practices, however, the pressure-transient responses could be closely approximated by that of a straight horizontal well. This conclusion was different from that of Azar-Nejad et al. (1996b) . It also must be noted that Goktas and Ertekin (2003) used the straight distance between the tips of the undulating well in the comparisons with straight horizontal wells, as opposed to the total drilled length used by Azar-Nejad et al. (1996b) .
Another issue, which has not been sufficiently discussed in the literature, is the analysis of horizontal-well pressure-transient responses in the presence of a gas cap. Two of the relevant studies in this area are by Fleming et al. (1994 Fleming et al. ( , 1996 . On the basis of the observations from buildup tests in a fractured, vuggy, carbonate reservoir that contained a large gas cap, they noted that the existence of a gas cap would cause oscillations on the derivatives of the pressure-buildup responses of horizontal wells. They also supported their arguments through numerical studies.
This paper presents a discussion of the pressure-transient responses of horizontal wells in anticlines and curved or undulating wells in slab reservoirs. We document the conditions under which the conventional horizontal-well models can be used in the analysis of these responses. The pressure-transient responses of straight and curved wells in slab reservoirs (Figs. 1a through 1f) are investigated first. Our intention here is to answer the question of whether the curvature (or undulations) of the well should be of concern in the analysis of horizontal-well, pressure-transient responses. For completeness, we consider the influence of frictional pressure drop in the wellbore (finite wellbore conductivity). We document the results for the cases with and without gas cap separately. For all cases considered in this study, we consider the effect of the free-gas movement emanating from the gas cap, knowing that the pressure-transient test time is much smaller than the time constant for the free gas to come out of or go into the solution. Hereafter, we refer to a system without gas cap as single-phaseflow system.
In the second section of our results, we address the issues regarding horizontal wells in anticlines (Figs. 2a and 2b) . Here, we consider only straight horizontal wells. Again, we discuss the single-phase-flow systems first. Then, we delineate the effect of a gas cap. Finally, we discuss the pressure-buildup responses.
Our discussions below are preceded by a brief introduction of the numerical simulator developed for this study. The details of the simulator can be found in the Appendices and in Al-Mohannadi (2003) .
can be included in the model, but when significant volumes of solution gas become free around the wellbore, free gas, rather than gas cap, dominates the pressure-transient behavior. In this study, we restrict our attention to the influence of the gas cap because pressure-transient test times are normally much smaller than the time constant for considerable free gas to be released from or go into the solution.)
The two-phase formulation uses the classic implicit-pressure, explicit-saturation (IMPES) technique, which degenerates to the single-phase formulation when only one mobile phase exists. The timestepping is based on the logarithm of time to mimic early transient-flow behavior. Similarly, the spatial distribution of gridblocks surrounding the wellbore has a logarithmic distribution to mimic radial flow. While these numerical formulations are well known, their proper use (by means of timestepping and grid design) is crucial in simulating early-time pressure-transient responses with accuracy that is comparable to that of analytical solutions.
Three features of our numerical model are to be noted:
• For calculating wellbore pressure, p well , we treat the wellbore as an additional node within the wellblock. In analogy to the traditional radial-flow simulation, we calculate a wellblock radius, r o , from Eq. A-5 in Appendix A, at which the radial pressure is equal to the average pressure, p o , in the wellblock. (We compute r o on the basis of the material balance, as is done in radial flow. The derivation of our wellblock radius is given in Appendix C.) This wellblock radius, r o , yields better results than the one suggested by Peaceman (1983) in simulating pressure transients. We have found much improvement by using the block radius in the conventional well index and modifying the four transmissibilities of the adjacent nodes by replacing the distance from node to node with node-to-r o location (Al-Kobaisi et al. 2006 ).
• Both steady-and unsteady-state flow can be accommodated in the wellbore, although our current results based on Eqs. A-24 through A-36 assume steady-state flow.
• The wellbore model formulated by Eqs. A-24 through A-36 accounts for the wellbore hydraulics (frictional pressure drop in the horizontal section) and the wellbore-storage effects. The wellblock and wellbore are linked by the steady-state well index given by Eq. A-3, which uses the wellblock radius discussed above.
Results
We will present our results in three sections. The first section of the results concerns straight and curved wells in slab reservoirs (Figs. 1a through 1f) . We also will use these results to verify our numerical simulator with the analytical models presented in Ozkan et al. (1989) , Ozkan and Raghavan (1990a, 1991a) , and Ozkan et al. (1995 Ozkan et al. ( , 1999 . In the second section, we will consider straight wells in anticlines (Figs. 2a and 2b ). The third section will be devoted to the discussion of pressure-buildup responses.
The data used to simulate various cases discussed here are summarized in Tables 1 through 4. As shown in Table 3 , to highlight the effect of frictional pressure drop (finite-conductivity effect), we selected a set of reservoir properties and flow rates that yield small reservoir drawdown and relatively high wellbore pressure drop. The grid systems used in the simulations are shown in Figs. 3a through 3c. It must be noted that our interest in this paper is to investigate the more common cases rather than the extremes. To discuss the effect of well curvature in slab reservoirs, we choose a 10-ft vertical window of curvature in an 81-ft-thick reservoir (Figs. 1b, 1c, 1e, and 1f) . In addition, unless specified otherwise, all the undulating and curved wells were modeled with amplitude/wavelength ratio of less than or equal to 0.01. Therefore, our results should be mostly applicable to the cases in which the curvature or undulations of the well are a result of drilling practices, not that of geosteering. Also, in comparing the effects of a gas cap in slab and anticlinal reservoirs, we adjust the height of the gas cap to maintain the gas material balance. Slab Reservoirs. We first consider straight and curved horizontal wells in slab reservoirs.
Straight Horizontal Wells-Model Verification. To start our discussions, we first present the conventional horizontal-well model: single-phase flow to a straight horizontal well in a slab reservoir (Fig. 1a) . Figs. 4 and 5 show the comparisons of the pressure and derivative responses from numerical and analytical models for the infinite-conductivity (Table 2 ) and finiteconductivity (Table 3) cases, respectively. [The analytical models for the infinite-and finite-conductivity horizontal-well cases were presented in Ozkan and Raghavan (1991b) and Ozkan et al. (1995 Ozkan et al. ( , 1999 Effect of Well Curvature-Single-Phase Flow. Figs. 6 through 9 are intended for the discussion of the effect of well curvature in slab reservoirs. In Figs. 6 and 7, the well is concave down (Fig. 1b) without and with finite-conductivity effects, respectively. Figs. 8 and 9 are the counterparts of Figs. 6 and 7 for a well that is concave up (Fig. 1c) . As in Goktas and Ertekin (2003) , we assume that the effective length for a curved well may be closely approximated by the straight distance between the tips of the well. The good match between the results for the straight and curved wells shown in Figs. 6 through 9 indicates that the effect of undulations is negligible and the straight distance between the tips of the well can be used as the effective horizontal-well length in a slab reservoir.
Because the amplitude/wavelength ratio for the examples in Figs. 6 through 9 is small (and, thus, the difference between the drilled length and straight distance between the tips is insignificant), we have tested other cases to verify the conclusion that the effect of undulations is negligible and the straight distance be- tween the tips can be used as the effective horizontal-well length. As an example, Fig. 10 shows a case of 2½-cycle sinusoidal undulations along a drilled length of 1,451.8 ft in a slab reservoir of 81-ft thickness. The undulations have the maximum amplitude of 10 ft and a wavelength of 350 ft (the maximum amplitude/ wavelength ratio is 0.03). The simulation grid used for this case is shown in Fig. 11 . In this case, the straight horizontal distance between the tips of the well is 1,000 ft, which is only 69% of the drilled length of 1,451.8 ft. As shown in Fig. 12 , however, the pressure-transient responses of the undulating well match those of a 1,000-ft straight horizontal well closely. Other results not presented here also verify the conclusion that the undulations do not significantly influence the pressure-transient responses and the effective horizontal-well length is the straight distance between the tips of the well.
The above conclusion agrees with the observations of Goktas and Ertekin (2003) , but is different from the conclusion of AzarNejad et al. (1996b) (note that Azar-Nejad et al. used the total drilled length as the effective length in their work). For clarity, it should be emphasized that the conclusion noted above is valid for relatively small amplitudes of undulations that are more common in practice. As noted by Goktas and Ertekin (2003) , however, the effect of undulations may become noticeable when the amplitude of the undulations becomes comparable to the formation thickness. (Even in this case, the noticeable difference is only at early and intermediate times. ) On the basis of the results above, we conclude that, provided that the straight distance between the tips of the well is used as the effective well length, the conventional horizontal-well models (straight well in a slab reservoir) may be used to analyze the pressure-transient responses of curved (and undulating) wells. This conclusion is also valid for the cases of considerable wellbore pressure drop as long as a straight-horizontal-well model that takes into account the wellbore friction effects is used. However, it excludes wells that come too close to the top and bottom boundaries because of high curvature or wide undulations. In addition, care must be taken in extending the above conclusion to the cases of nonuniform skin distribution and selectively open segments because the distribution of high-and low-influx regions along the well may affect the pressure distributions in and around the well severely.
Effect of the Gas Cap. The discussion above has been limited to single-phase flow. Fig. 13 shows the effect of a gas cap on the pressure-transient responses of straight horizontal wells in slab reservoirs (Fig. 1d) . The figure compares the drawdown responses of straight horizontal wells with and without a gas cap (Figs. 1a  and 1d ). As also observed in Fleming et al. (1994 Fleming et al. ( , 1996 , gas encroachment toward the well affects the pressure and derivative responses significantly.
For the particular case shown in Fig. 13 , the effect of the gas cone starts while the well is in the early-time radial-flow period and destroys the conventional flow characteristics of the intermediate-and late-time flow (Ozkan 2001) . The start of the deviation from the conventional horizontal-well behavior (single-phase flow toward a straight horizontal well in a slab reservoir) is dictated by the physical parameters governing gas coning toward a horizontal well (Chaperon 1986; Giger 1989; Ozkan and Raghavan 1990b; Umnuayponwiwat and Ozkan 2000) .
It is clear from the results shown in Fig. 13 that the failure to recognize the effects of gas coning would perplex the analysts during the interpretation of horizontal-well tests. In addition, the loss of the characteristics of the intermediate-and late-time flow regimes makes it impossible to estimate the directional permeabilities by use of the conventional models (Ozkan 2001) . Therefore, to be able to analyze horizontal-well tests under the influence of gas cap, detailed numerical models, such as the one developed in this study, are crucial.
The next issue to be addressed is the effect of well curvature in the presence of a gas cap. Figs. 14 and 15 compare the responses of concave-down and concave-up wells (Figs. 1e and 1f) , respectively, with that of a straight horizontal well (Fig. 1d) in the presence of a gas cap. As mentioned before, we used the straight distance between the tips of the curved wells as the effective horizontal-well length in the simulation of the straight-well case. The results in Figs. 14 and 15 indicate that the curvature of the well does not influence the pressure and derivative responses. As discussed in Fig. 13 , however, the effect of the gas cap should be taken into account in the interpretation of the pressure and derivative responses.
Anticlines. In this section, we concentrate on the effect of the curvature of the reservoir. On the basis of our findings in the previous section, we consider only infinite-conductivity, straight horizontal wells in an anticline under single-phase flow and gascap conditions.
Single-Phase Flow. We first examine the effect of the curvature of the reservoir under single-phase-flow conditions. Fig. 16 compares the pressure-transient responses of (straight) horizontal wells in anticlines (Fig. 2a ) and slab reservoirs (Fig. 2c) . There is no discernable influence of the curvature of the pay zone on the pressure-transient responses. Therefore, the conventional horizontal-well models (which consider a slab reservoir) can be used to analyze the pressure-transient responses of horizontal wells in anticlines and domes under single-phase-flow conditions. Below, however, this conclusion is shown to be invalid if a gas cap exists in the system. Gas Cap. On the basis of the results for slab reservoirs noted earlier, we expect to have some influence of the gas cap on the pressure-transient responses of horizontal wells in anticlines. Fig. 17 shows the pressure and derivative responses of (straight) horizontal wells in anticlines with and without a gas cap (Figs. 2b and 2a, respectively). As expected, there is significant difference in the pressure and derivative characteristics when the gas cone advances toward the well.
An interesting observation is also made from Fig. 18 , where the pressure and derivative responses of horizontal wells in anticlines (Fig. 2b ) and slab reservoirs (Fig. 2d) are compared in the presence of a gas cap. After the gas breakthrough, some difference is observed, especially between the derivative responses of horizontal wells in slab reservoirs and anticlines. This indicates that in the presence of a gas cap, the approximation of an anticline by an equivalent slab reservoir may not be valid for the analysis of horizontal-well tests. Pressure Buildup. So far, we have discussed only the drawdown responses. For the cases in which the well or reservoir curvature has no effect on the pressure-transient characteristics of horizontal wells, the buildup responses should also follow the conventional models. Therefore, we consider the buildup responses for two cases only: horizontal wells in slab reservoirs and anticlines in the presence of a gas cap (Figs. 2d and 2b, respectively) . Fig. 19 shows the buildup responses of horizontal wells in slab reservoirs and anticlines following a long producing period of 16,400 hours at a constant rate of 2,000 sft 3 (the data for this case are given in Tables 1 and 4 ). The producing time is long enough for the gas to break through by the time the well is shut in. For both cases shown in Fig. 19 , derivative responses especially display oscillations after the initial radial-flow period.
The oscillations in the derivative responses shown in Fig. 19 have also been noted in Fleming et al. (1994 Fleming et al. ( , 1996 and attributed to two-phase-flow effects around the well owing to gas encroachment from a large gas cap. The tests reported in Fleming et al. (1994 Fleming et al. ( , 1996 displayed more cyclic oscillations in the derivative responses than those observed in Fig. 19 . The difference in the intensity of the oscillations should be attributed to the difference in the reservoir heterogeneity. In this study, we modeled the reservoir as a homogeneous system, whereas the well tests discussed in Fleming et al. (1994 Fleming et al. ( , 1996 were from a naturally fractured reservoir. In general, as the degree of heterogeneity increases, the oscillations in the derivative responses should be expected to increase.
It is important to note that when the oscillations begin, the derivatives of the pressure-buildup responses for the slab reservoir and anticline do not follow each other. This behavior is a result of the differences seen during the drawdown period, as displayed in Fig. 18 . Therefore, similar to our comment for the corresponding drawdown case, we emphasize the use of a numerical model that takes into account the correct geometry of the reservoir and the existence of the gas cap.
Conclusions
In this paper, we have presented new results pertaining to the pressure-transient responses of horizontal wells in anticlines and curved wells in slab reservoirs, with and without a gas cap. These results should help clarify questions on the choice of the appropriate models or the adequacy of the assumptions used in the pressure-transient analysis of such systems. The following specific conclusions have been drawn on the basis of the results of this study: 1. Unless the curvature or undulations of the well are extremely large, their effect is negligible. In these cases, the straight horizontal distance between the tips of the well may be used as effective well length in conventional pressure-transient-analysis methods. 2. In cases in which high frictional pressure losses are expected, the use of a finite-conductivity horizontal-well model should be sufficient to analyze the pressure-transient responses of curved and undulating wells accurately. 3. The existence of a gas cap causes significant deviation from the conventional, single-phase-flow horizontal-well models. In these cases, numerical models should be used to interpret the pressure-transient responses. 4. Conventional horizontal-well models for slab reservoirs can be used to analyze horizontal-well responses in anticlines and domes provided that flow is single-phase. 5. In the presence of a gas cap, an anticline cannot be approximated by a slab reservoir for the analysis of pressure-transient responses of horizontal wells. For these cases, both the existence of the gas cap and the curvature of the reservoir should be incorporated rigorously into a numerical model. 6. Buildup derivative responses of horizontal wells in the presence of a gas cap display oscillations after the early-time radial flow if the producing time is sufficiently long for gas breakthrough.
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where (see Appendix C for the derivation of Eq. A-5) -8) and
Gas Flow.
where -14) and
Eqs. A-1 and A-10 were combined to eliminate the saturations in the classic IMPES formulation. The outcome, the pressure equation, is presented in the following form and solved by a Gauss routine while accounting for the boundary conditions.
where, for example, -17) and Fluid Saturations. The oil and gas saturations are calculated explicitly as follows: 
